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Cell Divisions in the Drosophila Embryonic
Mesoderm Are Repressed via Posttranscriptional
Regulation of string/cdc25 by HOW
phase of germband extension, leading to the first wave
of cell division that takes place in the mesoderm (stage
8). The cells then migrate and spread dorsally and un-
dergo a second round of cell division (stages 8 and 9).
The third wave of mesoderm cell division occurs at the
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Israel end of germband extension (stage 10). The timing of
these three waves of mesoderm cell division must be
coordinated with the major morphogenetic changes that
the cells undergo, that is, invagination, migration,Summary
spreading, and myoblast fusion.
String/Cdc25 is a Ser/Thr Phosphatase that positivelyBackground: Cell-cycle progression is tightly regulated
regulates the cell cycle by activating the mitotic kinaseduring embryonic development. In the Drosophila early
Cdc2 at the G2/M transition. In postblastoderm stages,embryo, the levels of String/Cdc25 define the precise
String/Cdc25 is the limiting factor that regulates thetiming and sites of cell divisions. However, cell-cycle
precise timing and sites of cell division [2, 3]. An arrayprogression is arrested in the mesoderm of gastrulating
of patterning genes was shown to regulate the dynamicembryos despite a positive transcriptional string/cdc25
spatiotemporal transcription of string/cdc25 mRNA inactivation provided by the mesoderm-specific action of
different mitotic domains in the embryo [4]. Once ex-Twist. Whereas String/Cdc25 is negatively regulated by
pressed, String/Cdc25 is fully active; thus, its levels mustTribbles in the mesoderm at these embryonic stages,
be tightly regulated. Both String/Cdc25 mRNA and pro-the factor(s) controlling string/cdc25 mRNA levels has
tein are extremely labile (T1/2 less than 15 min) [4].yet to be elucidated.
String/Cdc25 protein is negatively regulated by theResults: Here, we show that the repressor isoform of
activity of Tribbles. Tribbles is a protein with a partiallythe Drosophila RNA binding protein Held Out Wing
conserved serine-threonine protein kinase domain, and[HOW(L)] is required to inhibit mesodermal cell division
it may therefore represent an inactive kinase [5–7]. Itduring gastrulation. Embryos mutant for how exhibited
has been suggested that Tribbles promotes the turnoveran excess of cell divisions, leading to delayed mesoderm
of String/Cdc25 by directing its degradation, presum-invagination. The levels of the mitotic activator string/
ably through a proteosome-dependent pathway [6];cdc25 mRNA in these embryos were significantly ele-
however, the mechanism of Tribbles activity has yet tovated. Protein-RNA precipitation experiments show that
be elucidated. In tribblesmutant embryos, String/Cdc25HOW(L) binds string/cdc25 mRNA. Overexpression of
protein accumulates in the mesoderm, leading to ec-HOW(L) in Schneider cells reduces specifically the steady-
topic cell divisions in the gastrulating embryo and astate mRNA levels of a gfp reporter fused to string/
consequent delay in the invagination process [6]. Nota-cdc25 untranslated region (3UTR).
bly, the mesoderm in some of these mutant embryos isConclusions: Our results suggest that in wild-type em-
eventually internalized, and further development of thebryos, string/cdc25 mRNA levels are downregulated by
embryos continues normally. Thus, in later stages ofthe repressor isoform HOW(L), which binds directly to
mesoderm development, an additional Tribbles-inde-string/cdc25mRNA and regulates its degradation. Thus,
pendent mechanism, which coordinates between cellwe are proposing a novel posttranscriptional mecha-
divisions and morphogenesis, probably operates.nism controlling cell-cycle progression in theDrosophila
String/cdc25 mRNA is highly unstable [4]. The fac-embryo.
tor(s) controlling string/cdc25 mRNA stability have yet
to be elucidated. Here, we present results suggesting
Introduction that the KH-domain RNA binding protein Held Out Wing
(HOW) regulates string/cdc25 mRNA levels in early em-
Cell differentiation and cell division are mutually exclu- bryonic development. This protein is a member of the
sive processes because both rely on distinct reorganiza- STAR (signal transduction and RNA) family of proteins
tion of the cytoskeleton. During embryonic develop- [8]. The hallmark of these proteins is a single KH domain,
ment, cells of different origins shift rapidly between a conserved region that is often repeated within the
these two processes. A mechanism responsive to the sequence of RNA binding proteins and has been impli-
differentiation state must therefore be coupled to cell- cated in RNA binding activity [9]. Prototypic members
cycle control to ensure proper morphogenesis. of the STAR family include quaking (qki), a gene whose
In gastrulatingDrosophila embryos, mesodermal cells product is required for maturation of Schwann cells and
undergo major morphogenetic changes leading to their oligodendrocytes in mammals [10]; gld1, encoding a
invagination, subsequent migration, and spreading over protein that is essential for oocyte differentiation and
the inner side of the ectoderm [1]. At this developmental meiotic prophase progression inC. elegans [11, 12]; and
stage, cell division is completely arrested within the Sam68, a protein involved in cell-cycle progression in
mesoderm layer. This arrest is released during the fast mammals [13]. The molecular basis for the activity of
the STAR family members has yet to be elucidated,
although in a number of cases it has been shown that*Correspondence: lgvolk@weizmann.ac.il
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these proteins control the levels of their target mRNAs that HOW(L) is the major isoform at this stage (not
shown). At stages 5 and 6, HOW(L) expression wasby regulating their stability [14].
The how gene encodes two protein isoforms pro- slightly elevated in Twist-expressing cells prior to their
invagination, presumably owing to Twist activity [21]duced by alternative splicing, HOW(L) and HOW(S). Both
HOW proteins are identical along most of their coding (Figures 1D–1G). At stages 7–11, HOW(L) is detected
at high levels in the entire mesoderm (Figures 1H–1J).sequence, including the conserved maxi-KH domain,
but differ at their C-terminal region [15]. HOW(L), a nu- HOW(S) expression was not detected at these stages.
Below, we address the function of HOW(L) at these earlyclear variant, contains a unique 36 amino-acid tail that
carries an evolutionarily conserved nuclear retention developmental stages.
signal necessary for its inhibitory function [16, 17]. Previ-
ous studies showed that both isoforms bind the 3UTR
Delayed Invagination of the Mesodermof stripe mRNA, a key regulator of tendon-cell identity
in how Mutant Embryosand differentiation. However, HOW(L) represses stripe
To study the requirements for HOW at early develop-mRNA by inducing its fast degradation, whereas HOW(S)
mental stages, we analyzed the phenotype of embryosinduces stripe mRNA stabilization [18].
lacking both maternal and zygotic HOW. Previously de-HOW is highly expressed in the mesoderm and its
scribed how mutant embryos derived from germlinederivatives, in tendon cells, and in peripheral glial cells
clones of the enhancer trap howIA22 did not exhibit ain late embryonic stages. Zygotic howmutants are lethal
mesoderm-specific phenotype [15]. However, the howIA22and exhibit various mesoderm differentiation abnormali-
allele is an enhancer trap created by P element insertionties, including abnormal heart function and slightly de-
in an intron of the how gene, and it appears to be afective somatic muscle pattern [15, 16, 19, 20].
hypomorphic allele [19]. Here, we used two distinct se-Here, we analyze the functions of how gene products
vere alleles of how, howe44 and howstru. howe44 containsduring early embryonic stages. In addition to its zygotic
a single missense point mutation in the highly conservedexpression, HOW is supplied maternally. To uncover the
KH-RNA binding domain [19]. We showed previouslyearly functions of HOW, we produced germline clones
that an in vitro translated HOW carrying this missensedeprived of maternal how and, in addition, analyzed the
mutation did not bind to the tendon-specific HOW mRNAzygotic phenotype of the most severe howstru allele. In
target stripe, in contrast to wild-type HOW [16]. Theboth cases, the resulting mutant embryos showed a
second allele, howstru, was produced by X-irradiation anddelayed and unsynchronized mesoderm invagination.
has not been characterized at the molecular level [22].We detected an early phenotype in which premature
However, antibody staining shows a complete lack ofcell divisions were observed. string/cdc25 mRNA levels
HOW staining in embryos mutant for howstru (not shown).were significantly elevated in these mutant embryos.
About 50% of the embryos produced by howe44 germ-Moreover, protein-RNA binding studies show that
line clones showed aberrant preblastoderm develop-HOW(L) specifically bound to string/cdc25 mRNA. In
ment that included unsynchronized nuclear divisionsDrosophila cultured Schneider cells, overexpression of
and cellularization defects (not shown), suggesting thatHOW(L) reduced the levels of a gfp-string3UTR fusion
maternal HOW is required for normal preblastoderm de-mRNA. Thus, our experiments suggest that wild-type
velopment. The remaining 50% of the embryos com-HOW functions to facilitate string/cdc25 mRNA turnover
pleted cellularization in a manner similar to that of wild-in the early embryo, arresting premature mesodermal
type embryos. We followed gastrulation in embryos thatcell divisions in the early Drosophila embryo.
had completed normal blastoderm development with
Twist antibody, which marks the mesodermal primor-
dium. In these embryos, we detected abnormal meso-Results
derm invagination (not shown). Importantly, a delay in
mesoderm invagination was also observed in zygoticHOW(L) Is Expressed in the Early
Drosophila Embryo howstru mutant embryos, in which 100% of the embryos
exhibited normal preblastoderm development (FiguresPrevious in situ analyses showed that how mRNA is
supplied maternally and is already expressed at the 2D–2F), and in lower percentages also in embryos trans-
heterozygous for howstru/howe44 (not shown), demonstra-blastoderm stage [19, 20]. Northern analysis of mRNA
extracted at various developmental stages also sup- ting that the mesoderm phenotype is not a secondary
consequence of earlier preblastoderm defects. To eval-ported the presence of maternal how mRNA. HOW(L)
was shown to be the major isoform at early develop- uate the maternal contribution of HOW for the process
of mesoderm invagination, we analyzed the percentagemental stages [15]. To further characterize HOW expres-
sion, we produced antibodies specific for the HOW(L) of embryos that exhibited defected mesoderm invagi-
nation in zygotic howstru mutants. About 50% of the ex-isoform and followed HOW(L) protein expression at early
developmental stages. HOW(L) was uniformly expressed pected 25% homozygous how mutants showed de-
fected mesoderm invagination, suggesting a role forat the blastoderm stage in all nuclei (Figure 1). There
was no significant difference between the subcellular maternal HOW in rescuing this phenotype. howstru repre-
sents a severe how allele that abolishes HOW proteindistribution of an antibody that recognized both iso-
forms (see inset in Figure 1A) and the anti-HOW(L) spe- expression; thus, the reason for this partial phenotype
cannot be attributed to incomplete penetrance.cific antibody (Figure 1A). Both antibodies showed the
typical nuclear staining of HOW(L). Moreover, Western In most mutant embryos, mesoderm invagination even-
tually took place, but it was not synchronous; that is,analysis of 0–2-hr-old embryos with anti-HOW confirms
HOW Represses Mesoderm Cell Divisions
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Figure 1. HOW(L) Is Highly Expressed in
Early Embryonic Stages
Embryos at stage 5 (A–C), stage 6 (D–G), and
early stage 11 (H–J) were double labeled with
anti-HOW(L)-specific antibody (red; [A, D, F,
and H]) and with anti-Twist antibody (green;
[B, E, G, and I]). The inset in (A) shows a lateral
view of pan-anti-HOW staining, demonstra-
ting its nuclear localization at blastoderm
stage. Note that HOW(L) (presumably repre-
senting maternal HOW) is highly expressed
in all blastoderm cells at stage 5, whereas at
stage 6 it is slightly elevated in the Twist-
expressing cells before their invagination (ar-
rowheads). At stage 11, HOW(L) is detected at
high levels in all mesodermal cells (including
Twist-negative cells), and its levels in the ec-
toderm are significantly reduced.
delamination of the mesoderm cells from the ectoderm tant phenotype is premature cell divisions, we stained
zygotic howstru mutant embryos with anti-phospho-His-is sporadic in contrast to wild-type situation. To follow
the fate of the mutant mesodermal cells, we obtained tone 3 (pHis), which labels only mitotic nuclei. We ob-
served a significantly higher number of mitotic nucleicross-sections from slightly older mutant embryos
(stages 10 and 11) lacking both maternal and zygotic that were positive for pHis in how mutant embryos. The
dividing cells were evident in the mesoderm anlagehow. These embryos were stained with anti-Twist anti-
body prior to sectioning and showed abnormal dorsal (about 15–18 cells wide) (Figures 3D–3F), which is mitoti-
cally silent in wild-type embryos at this stage. In em-migration and spreading of the Twist-positive cells along
the ectoderm (Figures 2G and 2H). In the howstru zygotic bryos produced by how germline clones and thus lack-
ing both maternal and zygotic HOW, cell divisions weremutants, this effect was not apparent.
Thus, HOW is required for the correct synchronized detected also in the lateral ectoderm (not shown), pre-
sumably corresponding to MD11. At a slightly later de-invagination of the mesoderm during gastrulation. In
how mutant embryos, gastrulation eventually takes velopmental stage, unsynchronized mesoderm invagi-
nation was observed (Figures 3G–3I). Premature cellplace; however, whereas in the zygotic mutants meso-
derm dorsal migration is normal, in the germline clone divisions in the mesoderm (induced by overexpression
of string/cdc25) were shown previously to arrest meso-embryos the cells pile up and the mesoderm monolayer
does not form. derm invagination [5]. Thus, the impaired regulation of
cell division during mesoderm invagination in how mu-
tant embryos explains the significantly delayed invagi-Premature Cell Divisions in MD10 Are Detected
in how Mutant Embryos nation of the mesodermal cells during gastrulation. Im-
portantly, the arrest of cell divisions in embryos doubleThe phenotype of delayed mesoderm invagination was
similar to the phenotype described for tribbles mutant mutant for how and string rescued the aberrant meso-
derm invagination phenotype (our unpublished results;embryos [5–7] as well as for embryos overexpressing
string/cdc25 [5]. The basis for the tribbles mutant phe- data not shown), verifying that these defects originated
as a result of premature cell divisions.notype was shown to be premature cell divisions in
the mesoderm, similar to the embryos overexpressing Timed experiments were performed to eliminate the
possibility that the invagination defects stem from de-string/cdc25. To test whether the basis for the how mu-
Figure 2. Abnormal Mesoderm Invagination
in how Mutant Embryos
Mutant howstru embryos lacking zygotic HOW
(D–F) and wild-type embryos (A–C) were la-
beled with Neurotactin (green; [A and D]),
marking the cell outlines, and with Twist (red,
[B and E]). The embryos in (A)–(F) are at
stages 5 and 6. The corresponding merged
images are shown (C and F). Whereas meso-
derm invagination occurs in wild-type em-
bryos, no invagination is observed in the how
mutant embryos.
Semi-thin cross-sections in a how mutant
embryo (lacking both maternal and zygotic
HOW) (H) and wild-type embryo (G) at stage
10 are shown stained with anti-Twist anti-
body. Note the defect in dorsal migration of
the Twist-positive cells in the howmutant em-
bryo (arrow in [H]).
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Figure 3. Premature Cell Division Is Ob-
served in how Mutant Embryos
howstru mutant embryos (lacking zygotic
HOW) (D–F) or how mutant embryos (lacking
maternal and zygotic HOW) (G–I) and wild-
type (A–C) embryos, double labeled for Neu-
rotactin (green, [A, D, and G]), marking the
cell outlines, and pHistone3 (red, [B, E, and
H]), marking mitotic cells. The corresponding
merged images are shown in (C), (F), and (I).
Note the increase in dividing cells observed
in the how mutant embryos in the mesoderm
anlage (D–F) and the abnormal invagination
in a slightly later developmental stage (G–I).
layed gastrulation, resulting in an additional round of cdc25 mRNA levels were higher in MD10 in the how
mutants in relation to the embryos from oskar mothers.mitosis prior to invagination. We followed the develop-
ment of live embryos laid by howstru/TM3,twi-gfp parents In addition, HOW-independent mRNA otd probe did not
show any difference in the signal intensity between theunder oil. The time that it takes these embryos to de-
velop from the stage when pole cells are formed to the wild-type and how germline clone embryos (not shown).
Thus, the elevation of string levels in domain 10 and instage when the head furrow is visible was monitored.
The embryos were allowed to develop to stage 11, and the lateral ectoderm is specific to the how germline
clone embryo. These results support the idea that thethe homozygous mutant embryos were distinguished
from their wild-type sibling by the Twist-GFP expres- premature cell divisions observed in how mutant em-
bryos stem from the string/cdc25 mRNA elevation,sion. No difference in the developmental rate of the
zygotic howstru mutants was detected, excluding the translated to higher String/Cdc25 protein levels. In this
case, Tribbles-negative regulation of String/Cdc25 is notpossibility that the extra cell divisions are caused by
delayed gastrulation. sufficient to reduce String protein.
To try to quantitate the effect of HOW on string mRNA
levels, we performed RT-PCR with string-specific prim-
string/cdc25 mRNA Is Upregulated ers on an entire collection of 3–5 hr old embryos pro-
in how Mutant Embryos duced by mothers in which germline clones were in-
String/Cdc25 is necessary and sufficient for entry into duced. These embryos lacked maternal HOW, and half
mitosis during gastrulation [2, 3]. The expression pattern of them also lacked zygotic HOW. We detected upregu-
of string/cdc25 mRNA closely matches the overall mi- lation of the string-specific band in these embryos in
totic pattern during stages 6–11 [4]. An exception is relation to wild-type collection (not shown). To analyze
mitotic domain 10 (MD10) [23], which represents most a more homogenous population of embryos and to elimi-
of the mesoderm domain, in which mitosis is delayed nate variations in the zygotic string levels that stem
despite the presence of string/cdc25 mRNA. To impli- from differences in the developmental stages of these
cate HOW in string mRNA regulation, we performed in embryos, we performed RT-PCR on 1–3-hr-old how
situ hybridization with a string/cdc25 antisense RNA germline clone embryos with the string-specific primers.
probe. The levels of string/cdc25 mRNA in the how mu- At these stages, maternally contributed string mRNA is
tant embryos lacking both maternal and zygotic HOW homogenously distributed in the embryos, and zygotic
were significantly elevated in relation to those of wild- string is minimal. A significant and specific upregulation
type embryos (Figure 4). In the ventral ectoderm, we of string mRNA levels was detected in these embryos
detected a stronger signal along MD10. This signal is (Figure 4E). Interestingly, the levels of twine, a second
wide, owing to the lack of mesoderm invagination in cdc25 homolog that is active in preblastoderm stages,
the how mutant embryo. In addition, slight string/cdc25 were downregulated (not shown), demonstrating the
mRNA elevation, representing the enhancement of initial specificity of HOW activity on string mRNA.
transcriptional induction of string by segmentation Thus, the in situ hybridization together with the RT-
genes in MD11, is detected in a segmental pattern in PCR results is consistent with the possibility that
the lateral ectoderm, as described by Edgar et al. [4]. It HOW(L) reduces string mRNA levels during early em-
should be noted that the background staining (indicated bryogenesis.
by the black arrowheads in Figures 4A and 4B) is about
the same in both the wild-type embryo and the mutant
embryos, and the intensity of string in the head furrow HOW(L) Binds to string/cdc25 mRNA
Previously, we showed that HOW(L) downregulates theis essentially similar in both embryos (indicated by white
arrowheads in Figures 4A and 4B). To ensure the specific levels of stripe, a key transcription factor essential for
tendon-cell differentiation. To test whether HOW(L) di-elevation of string/cdc25 mRNA levels, we performed
in situ hybridization of the how germline clone embryos rectly regulates string mRNA, we tested first for direct
binding between HOW(L) and string mRNA by using anmixed in a single tube with embryos originated from
oskar mutant mothers. The latter embryos, representing in vitro protein-RNA binding assay described previously
[16]. string/cdc25 mRNA was transcribed in vitro. HOW(L)wild-type string/cdc25 levels, were identified by the lack
of germ cells (Figures 4C and 4D). Consistently, string/ and mutant HOW(L) carrying a cysteine-to-arginine mis-
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Figure 4. string/cdc25 mRNA Levels Are Ele-
vated in how Mutant Embryos
howe44 mutant (lacking maternal and zygotic
HOW) (B and D) and wild-type (A) embryos
or embryos derived from oskar mothers (C)
at early stage 6 are shown hybridized with
Dig-labeled string antisense probe to detect
string mRNA levels. Ventral (A and B) and
lateral (C and D) views of the embryos are
shown. In the wild-type embryos or in em-
bryos derived from oskar mothers, the levels
of string mRNA are reduced at the ventral
ectoderm (MD10) (arrow). In contrast, in how
mutant embryos there is a significant eleva-
tion of string mRNA at this domain, and the
domain is wider owing to lack of invagination.
Also, string mRNA is observed in the lateral
ectoderm. Although the background staining
shown at the posterior end of the embryo is
about the same (black arrowheads in [A] and
[B]), the signal at the head furrow, which is
not affected by HOW, shows closely similar
intensity (white arrowheads in [A] and [B]).
Labeling of the antisense RNA probe, hybrid-
ization, antibody reaction, and color develop-
ment were done in parallel under identical
conditions. The elevated levels of string
mRNA are also detected in how germline
clone embryos that were mixed with embryos
derived from oskar mothers in the same tube and were further processed for in situ hybridization with string probe (C and D). The oskar
embryo in (C) lacks germ cells (see inset) and shows normal levels of string, whereas the how mutant embryo in (D) shows elevated levels of
string. (E) shows RT-PCR with specific primers for eIF-4a (two left lanes) or for string (two right lanes), reacted with RNA extracted from 1–3-
hr-old wild-type (WT) and howe44 germline clone (how) embryos. string mRNA is significantly elevated in the how mutant embryos.
sense mutation in the KH domain, as in the howe44 allele of posttranscriptional regulation of string/cdc25 mRNA
levels by the RNA binding protein HOW. Our resultsHOW(L)*(C to R), were tagged with HA, translated in vitro,
and added to the string/cdc25 RNA. Wild-type HOW(L) suggest that HOW(L) negatively regulates string/cdc25
mRNA levels in the mesoderm, leading to the arrest ofprotein was detected within the fraction of the precipi-
tated RNA bound beads, whereas HOW(L)*(C to R) showed cell divisions at this stage. Thus, we define a novel
mRNA target for HOW and demonstrate HOW require-only background staining. A positive control of stripe
RNA shows the same specificity—that is, association ment for mesoderm development.
with wild-type but not with HOW(L)*(C to R)—whereas beads
without RNA or with nonrelevant RNA (see Experimental
Procedures for details) did not show any reactivity (Fig- HOW(L) Induces string/cdc25 mRNA Degradation
in the Early Embryoure 5A). These results indicate that HOW(L) binds string/
cdc25 mRNA. String/Cdc25 is a limiting factor that controls cell-cycle
progression in early embryonic stages after cellulariza-To test whether HOW(L) negatively regulates string
mRNA through its 3UTR, we constructed a gfp- tion. It was shown that both string/cdc25 mRNA and
String/Cdc25 protein are extremely unstable (T1/2  15string3UTR reporter plasmid and transfected it into
Schneider cells together with either HOW(L) or mutant min) [4]. The instability of the mRNA and protein allows
for a sensitive response of String/Cdc25 levels to tran-HOW(L)*(C to R). RT-PCR with primers specific to string
3UTR or with control primers to eIF-4a shows that scriptional regulation by various transcription factors
operating in pattern formation in the embryo. It has beenHOW(L), but not HOW(L)*(C to R), caused reduction of the
steady-state levels of gfp-string3UTR mRNA (Figure reported that, in addition to the time of initiation of string/
cdc25 transcription, accumulation of string/cdc25 mRNA5B). As a negative control, we show that the mRNA
levels of GFP fused to twist 3UTR were not altered in is slower in mitotic domain 10 (MD10) [23] than in MD2
[4]. This is consistent with lower mRNA levels detectedthe presence of HOW(L).
These experiments support the idea that string/cdc25 in MD10 in relation to MD2 in wild-type embryos (see
Figure 4A), also described in Edgar et al. [4]. Our studymRNA is a direct target for HOW activity and that the
levels of string/cdc25mRNA are reduced both in Schnei- provides, for the first time, a molecular basis for string/
cdc25 mRNA instability. In situ hybridization with stringder cells as well as in embryos, by direct binding of
HOW(L) to the string/cdc25 3UTR, causing destabiliza- antisense probe as well as RT-PCR experiments demon-
strated that, in how mutant embryos, string/cdc25 istion of string/cdc25 mRNA.
upregulated. Moreover, protein-RNA binding experi-
ments showed a direct binding between HOW and stringDiscussion
RNA, and in Schneider cells a gfp-string3UTR reporter
mRNA is specifically degraded in the presence ofIn this study, we describe a novel mechanism of negative
cell-cycle control in the Drosophila embryo on the basis HOW(L). Collectively, these experiments are consistent
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Figure 5. HOW(L) Binds string mRNA and
Reduces Its Levels
(A) HOW(L) binds to string mRNA. In-vitro-
translated HOW(L) or HOW(L)*(C to R) tagged
with HA (first and second lanes) were added
to biotin-labeled in-vitro-transcribed string
(third and fourth lanes), stripe (fifth and sixth
lanes), or nonrelevant (Runx3) (ninth lane)
mRNAs. The biotin-labeled RNA was precipi-
tated on Streptavidin beads, and the preci-
pitated material was analyzed by Western
analysis with anti-HA antibodies. Western
analysis shows that HOW(L), but not the mu-
tant HOW(L)*(C to R) (which does not bind RNA),
binds directly and specifically to string and
stripe biotin-labeled RNA, but not to Avidin
beads without RNA (seventh and eighth
lanes) or to nonrelevant RNA.
(B) HOW(L) reduces the steady-state levels of
gfp-string3UTR. RT-PCR performed on total
RNA extracted from Schneider cells trans-
fected with gfp-string3UTR (lanes 1–6) or
gfp-twist3UTR (lanes 7–12) and with either
HOW(L) (second, fifth, eighth, and eleventh
lanes) or with mutant HOW(L)*(C to R), which
does not bind RNA (third, sixth, ninth, and
twelfth lanes), or with empty vector (first,
fourth, seventh, and tenth lanes) is shown. A
specific reduction of gfp-string3UTR levels
is detected in the presence of HOW(L) (lane 5) but not in the presence of mutant HOW(L) (lane 6). RT-PCR with primers specific for EIF-4A
of each transfection indicates equal amounts of total RNA used for the RT-PCR reactions. The lower panel shows the HOW(L)-HA, mutant
HOW(L)*(C to R)-HA, and Actin levels, detected by Western analysis with anti-HA or anti-Actin antibodies, in each experiment.
with HOW(L) being the major factor responsible for string via HOW activity and String protein via Tribbles activity
in MD10 (see Figure 6). The activity of both HOW andinstability in the early embryo.
A consensus RNA binding site, (UA/C/G)ACUAA, Tribbles should enable the eventual accumulation of
String/Cdc25 protein at the end of the invagination pro-has been recently described for the binding of the STAR
protein Gld-1 [24]. The same sequence has also been cess to allow cell-cycle progression at this stage. There-
fore, both HOW’s and Tribbles’s inhibitory effect may notcharacterized in our lab as being a consensus RNA bind-
ing site for HOW (D. Israeli, personal communication). be highly efficient. This, together with the constitutive
transcriptional activation of string by Twist, may lead toImportantly, this sequence, GACUAA, is present in the
string 3UTR. Our results are consistent with the idea the eventual accumulation of string mRNA and protein
that HOW binds the relaxed consensus sequence de-
scribed for Gld-1, which is also present in string 3UTR
[24]. Interestingly, this sequence appears also in the
C. elegans cdc25/string homolog, suggesting that Gld-1
(similarly to HOW in Drosophila) may control cdc25/
string in C. elegans.
Cell-Cycle Control during Gastrulation
of the Drosophila Embryo
The arrest of cell-cycle progression in the invaginating
mesoderm must be transient because immediately after
the invagination process the cells undergo a round of
cell division. Thus, String/Cdc25 protein levels must be
downregulated to a narrow time window to enable meso-
derm invagination. This time frame may be achieved in
the following manner: Twist, a regulator of mesoderm
Figure 6. Scheme of string Regulation in the Mesoderm at Embry-fate, activates the transcription of string/cdc25 and
onic Stages 5 and 6HOW. Maternal HOW, as well as zygotic HOW shown
string mRNA is transcriptionally induced by Twist activity, but itspreviously to be downstream of Twist [21], compromises
levels in the mesoderm are reduced owing to maternally providedstring/cdc25 mRNA levels, and Tribbles (which requires
HOW(L) and zygotic HOW(L) induced by Twist. In addition, zygoticTwist and Snail to perform its activity) reduces String/
Tribbles, whose activity depends on Twist and Snail, reduces String
Cdc25 protein levels at this stage. Thus, in parallel to protein levels. Both HOW(L)’s and Tribbles’s activities eliminate
string/cdc25 transcriptional activation, Twist provides a String levels, leading to a complete inhibition of cell divisions during
mesoderm invagination.double safe mechanism that silences string at the mRNA
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tained from J. Grosshans, Heidelberg University). Homozygous osklevels, overcoming the negative control imposed by
mothers were produced by crossing osk54/TM3 with Df(3R)p-XT103/HOW and Tribbles. Alternatively, String accumulation
TM3. The howstru allele is identical to the howstruthio3R3 allele.may be caused by a more direct inhibition of both HOW
and Tribbles activities, possibly by signaling pathways
Histology and Immunochemical Reagentsthat operate in the mesoderm after its invagination.
Primary antibodies: Anti-HOW [16] was described. Anti-HOW(L) anti-
Maternal HOW appears to reduce string mRNA levels bodies were prepared by immunization with HOW(L)-specific pep-
in the lateral ectoderm in stage-5 and -6 embryos in tide (36 amino acids at the C-terminal region; synthesized in the
addition to MD10. It is therefore possible that the extra Weizmann Institute Peptide Facility) and conjugated to keyhole lim-
pet hemocyanin (KLH). Other antibodies included anti-Neurotactincell divisions detected in these regions may have an
(Hybridoma Bank, National Institute of Child Health and Humanadditional indirect effect on mesoderm invagination.
Development), Rabbit anti-Twist (S. Roth, Cologne, Germany), anti-
pHistone3 (Upstate Biotech), anti-HA (Covance), and anti-actin
Multiple Requirements for HOW (Sigma). Secondary antibodies included Cy3, Fluoresceine, or HRP-
in the Embryonic Mesoderm conjugated anti-guinea-pig or anti-rat, or-anti mouse (Jackson).
It is instructive to ask whether HOW regulates additional Sectioning of embryos was performed as described [25]. Embryos
were fixed, stained with anti-Twist, embedded with JB-4, sectioned,processes during mesoderm development. Although zy-
and viewed in Zeiss Axioscope. In situ hybridization was performedgotic how mutants do not exhibit mesoderm defects
as described [26] with Dig-labeled RNA (Roche). Whole embryountil late developmental stages, the how germline clone
staining was performed as described [16]. Fluorescent-labeled
embryos do show significant mesoderm aberrations. preparations were visualized with a BioRad Radiance 2100 confocal
The entire somatic muscle pattern of these embryos is microscope coupled to an Eclipse TE300 Nikon microscope. Bright-
severely disrupted, presumably owing to accumulation field and fluorescent digital images were processed with Photoshop
version 7.0 (Adobe Systems).of defects (H.N.-R., unpublished data). At this stage, it
is impossible to distinguish between primary and sec-
Protein-RNA Binding Assayondary effects induced by the complete lack of HOW.
The protein-RNA binding assay was performed essentially as de-The muscle defects detected in how germline clone em-
scribed [16]. The entire string or stripe cDNAs were used as tem-bryos suggest that HOW has a broader function in the
plates to produce biotin-labeled RNAs (Biotin labeling mix, Roche,
mesoderm and that it may regulate the levels of an array and T7 polymerase, Promega). The biotin-labeled RNA was purified
of essential genes necessary for appropriate mesoderm on G-50 Sephadex Quick Spin Column (Roche) and then mixed with
development. The identification of such genes should in-vitro-translated HOW(L) or HOW(L)*C to R HA-tagged proteins (TNT
Coupled Reticulocyte Lysate System, Promega) and precipitatedelucidate the full regulatory range of HOW activity.
with magnetic Streptavidin beads. Binding was performed by addingFinally, regulation at the level of mRNA metabolism
1 g of biotin-labeled RNA to 5 l of the translated How proteins.by STAR family proteins has been shown to occur in
Streptavidin-magnetic beads were first washed with binding buffer,
several developmental systems, for example,C. elegans and 300 l of the beads was added to each binding reaction for 25
gld-1 and mammalian quaking. These proteins exhibit min at room temperature. The magnetic beads were then isolated,
a wide range of activities, affecting RNA splicing, mRNA washed, and boiled in sample buffer, and the supernatant was ana-
lyzed by Western analysis with anti-HA antibodies (1:2000 dilution).nuclear export, mRNA stability, and possibly others. The
For nonspecific RNA, we used RNA transcribed from Runx3 cDNAadvantage of such regulation is the ability to respond
(obtained from Y. Groner, Weizmann Institute).rapidly to external signals by controlling the mRNA levels
of an array of target genes. The synchronization between
RT-PCRmuscle-cell differentiation and cell-cycle progression
Mutant and wild-type embryos at the age of 1–3 hr at 25C weremay be based on the activities of both HOW and Trib-
collected. Total RNA was extracted with the High Pure RNA Tissue
bles, but the molecular link between both processes Kit (Roche), and RT-PCR was performed on 0.5 g total RNA from
has yet to be elucidated. embryos or 0.3 g total RNA from Schneider cells with the Reverse-
iT Hot Start Kit (Abgene). For control we used primers specific for
the ubiquitous transcription factor eIF-4A, with a similar amount ofConclusions
total RNA.Our results show that the KH-domain RNA binding pro-
tein HOW mediates the fine-tuning of cell-cycle control
Western Analysisin the mesoderm during early embryogenesis. Binding
Western analysis was performed as described [25]. Super Signalof the repressor isoform HOW(L) to string/cdc25 reduces
chemiluminescent substrate (Pierce) was used for signal detection.
its mRNA levels and, thus, creates a time frame of cell-
cycle arrest to enable mesoderm invagination.
S2 Transfection
For S2 transfection, S2 Schneider cells were transiently transfectedExperimental Procedures
by the calcium phosphate precipitation method, with UAS-gfp-
string3UTR, UAS-gfp-stripe3UTR, or UAS-gfp together with actin-Fly Stocks
gal4, incubated for 48 hr, extracted by radioimmunoprecipitationFor production of germline clones, males carrying FRT82B,OvoD/
buffer (RIPA), and analyzed by Western blotting.TM3Sb (Bloomington Stock Center) were crossed to females car-
rying hs-flp;Dr/TM3,Sb (Umea Stock Center), and the progeny males
carrying the hs-flp;FRT82B,OvoD/TM3,Sb were crossed to females DNA Constructs
gfp-string was produced by fusing string 3UTR (the cDNA wascarrying FRT82B,howe44/TM3,Sb (produced in our lab by recombina-
tion) or to females carrying FRT82B,howstru /TM6Tb [22]. Larvae of obtained from B. Edgar) to gfp in pUAST vector. gfp-sr3UTR was
described [18]. HOW(L)-HA was produced by fusing the HA tag tothis cross were heat shocked daily 3 days for 50 min at 37C, and
adult females carrying the OvoD with wing blisters were crossed to the C-terminal region of HOW(L), and the HOW(L)*C to R-HA was
produced by point mutation replacing the conserved arginine atmales carrying howe44/TM3,ftz-LacZ, howe44/TM3,2XTwi-gal4,UAS-
GFP, or howstru/TM3,2Xtwistgal4,UAS-GFP. Additional strains in- position 185 with Cysteine, and was produced by two steps of PCR
amplification. The sequence of all DNA constructs was confirmed.cluded stg4/TM3 (Bloomington Stock Center) and trblEP119/TM3 (ob-
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